Protease (PR)-defective avian leukosis virus particles display 300-fold-reduced levels of reverse transcriptase (RT) activity relative to wild-type particles. This observation suggests that during virion assembly RT is activated by proteolytic maturation of the Gag-Pol polyprotein precursor. To study the relationship between proteolytic cleavage and RT activation, we subjected PR-defective virion cores to digestion with purified viral PR and analyzed the structure of the major polypeptides produced as well as RT activity. Under conditions in which Gag precursors were fully matured, the RT domain was only incompletely released from the Gag-Pol precursor, remaining tethered to the upstream Gag domains PR or NC-PR. In the same reaction, RT activity was stimulated only three-fold, or 100-fold less than expected for a fully active RT. The poor activation suggested that the NC or PR domains could repress RT activity. To test this idea, we constructed recombinant baculoviruses expressing 19 different fusion proteins with upstream Gag or downstream Pol sequences attached to RT. Each protein was partially purified and assayed for its inherent RT activity. The results are consistent with the idea that Gag sequences can inhibit RT activity but indicate that the size of the Pol domain as well as the status of the PR domain (wild-type or mutant) also can profoundly influence activity. Several of the constructed Gag-Pol fusion proteins contained a wild-type PR domain. Some of these underwent intracellular PR-mediated processing, while others did not. All proteins in which the PR domain was preceded by upstream Gag sequences showed specific proteolysis. By contrast, all proteins initiated with a methionine placed one residue upstream of the natural N terminus of PR failed to show specific proteolysis. Aminoterminal sequencing of one such protein yielded the correct amino acid sequence and showed that the initiating methionine was not removed. One interpretation of these findings is that activation of PR requires the generation of the precise N terminus of the mature PR.
Together, the gag and pol genes of retroviruses encode the major structural and enzymatic components of viral cores. These two genes are translated as Gag and Gag-Pol polyprotein precursors, which are cleaved during virion morphogenesis to give rise to the mature core proteins (7) . In the avian leukosis virus (ALV) system, the gag gene product PC7Og'ag is composed of the following five major protein domains, from the N to the C terminus: matrix (MA), plO, capsid (CA), nucleocapsid (NC), and protease (PR) (see reference 37 for nomenclature). PR, an aspartate protease whose crystal structure is known (26; for reviews, see references 6, 10, 32, and 46) , is the enzyme that processes both Gag and Gag-Pol polyproteins. The gag-pol gene product PrI801g'y)o', which is translated via a ribosomal frameshift (24) , is composed of Gag followed by the reverse transcriptase (RT) and integrase (IN) domains. In addition, at the C terminus of Pol in ALV is a short stretch of polypeptide called 4kDaP)o which is proteolytically removed by PR (1) and which is dispensable for formation of infectious particles (28) . Most of the RT molecules isolated from ALV particles are cx/(3 heterodimers, in which (x is the RT domain proper (here referred to as RTa-) and a is composed of RT plus IN (here referred to as RT,B). Thus, RT,B and RToL have common N termini but differ by the absence or presence of the 32-kDa IN domain (1, 3, 13) . RT not only synthesizes the double-stranded viral DNA but also contains the RNase H activity that degrades the RNA template. Both subunits of the particles is reduced at least 100-fold relative to that of the wild type (41, 42, 51) . We and others also have performed a series of in vivo complementation experiments wherein wild-type or PR-mutant Gag precursors were separately coexpressed with wild-type or PR-mutant Gag-Pol precursors (4, 41, 52) . These experiments revealed that when wild-type Gag precursors are coassembled with PR-mutant Gag-Pol precursors, the resulting virions undergo complete and proper maturation, have wildtype levels of RT activity, and even are fully infectious (52) . These results imply that PR supplied by Gag precursors is sufficient for proper trans maturation of Gag-Pol proteins and activation of RT.
We reported previously that incubation of PR-defective virus particles with purified PR in the presence of detergent leads to the complete and correct maturation ofPr769ag (51) . However, under these conditions Gag-Pol proteins are incompletely matured and RT activity is stimulated only slightly. In particular, the amino acid sequence between Gag and Pol remains refractory to cleavage. These observations led us to hypothesize that protein domains upstream of RT could act in cis to inhibit activity. To test this hypothesis, we constructed recombinant baculoviruses expressing a variety of Gag-Pol fusion proteins and then analyzed the inherent RT activity of each partially purified protein. The results demonstrate that RT activity depends on the size of the Gag domain, the size of the Pol domain, and whether or not the PR domain is mutated.
MATERIALS AND METHODS
DNA constructs and cell culture conditions. All plasmids were constructed by common subcloning techniques and propagated in the DHSax strain of E. coli. Nucleotides of the RSV genome are numbered according to Schwartz et al. (49) . Plasmids PrCneo.D37, PrCneo.D37I, and PrCneo.D37N have been described previously (52) .
Mutagenic oligonucleotides and polymerase chain reaction techniques were used to engineer initiating methionine codons immediately 5 ' to the first codons of the NC, PR, and RTa coding regions of the Prague C (PrC) strain of ALV. The same techniques were also used to engineer stop codons immediately 3' to the last codons of the RTot and IN coding regions.
The subcloned sequences that had been subjected to polymerase chain reaction were sequenced to confirm proper construction of translation initiation and termination signals and to ensure that no other mutations were present.
The baculovirus transfer vector pJV(NheI) (58) has a unique NheI cloning site, located immediately downstream of the baculovirus polyhedrin gene, into which we inserted ALV sequences encoding 23 Plasmid pJV.PR-RT,.COLL is similar to pJV.PR-RT3 except that it contains a consensus cleavage site for collagenase Pro-Leu-Gly-Pro in place of the Leu-Thr residues normally located at the PR-RTao cleavage site. Plasmid pJV.E-RT,B (the "E" signifies that the PrC sequences begin at the EcoRI2319 site) contains an open reading frame that initiates at a naturally occurring methionine codon for residue 73 within PR (nucleotide 2327) and terminates at nucleotide 5076.
Each of the above-mentioned constructs that encode both Gag and Pol domains was engineered to contain a single nucleotide (A) insertion immediately preceding the gag termination codon. This insertion aligns the Gag and Pol reading frames (frame correction [FC] ) without altering the Gag-Pol coding sequence and hence eliminates the frameshift requirement for Pol translation.
The entire Gag-Pol open reading frame was also cloned into pJV(NheI (20 mM Tris-HCl [pH 7.9], 25% glycerol, 0.01% Nonidet P-40, 2 mM dithiothreitol) and then passed through a 0.22-,um-pore-size syringe filter. The filtrate was then pumped over a DEAE MemSep (Millipore) column that had been preequilibrated with buffer A (1.0-ml/min flow rate, using the Pharmacia fast-performance liquid chromatography apparatus). One-milliliter fractions were then eluted with a linear 10-ml salt gradient from no salt to 600 mM NaCl (1.0-ml/min flow rate). The fractions were immediately adjusted to 50% glycerol and stored at -20°C for no more than 10 days before being subjected to RT assays.
Retrovirus isolation and immunoblotting. The procedures for retrovirus isolation from culture medium and immunoblotting have been described previously (52 Anti-MA and anti-CA antisera were raised in rabbits that had been injected with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)-purified avian myeloblastosis virus (AMV) viral antigens MA (p19) and CA (p27). Anti-NC (p12) antiserum was raised in a rabbit that had been injected with AMV p12 purified by gel filtration in 6 M guanidine. Anti-RTc. and anti-IN-4kDae'' antisera were raised in rabbits that had been injected with SDS-PAGE-purified proteins that were overproduced in E. coli according to the methods of Soltis and Skalka (50) and Alexander et al. (1) . Immunoaffinity purification of the anti-RTax and anti-IN-4kDa1)' antisera was achieved by incubating a 1:5 dilution of crude antisera-in RB (150 mM NaCl, 10 PR digestion and RT assays. AMV PR was isolated from disrupted AMV by chloroform-methanol extraction (27) . The final PR digestion conditions that were common among all samples were 83 mM Tris acetate (pH 6.8), 6 mM MgCl2, 0.6 mM EDTA, -20% (wt/vol) sucrose, 0.1% Triton X-100, 6% glycerol, 1 mM dithiothreitol, presence or absence of 100 pg of PR per ml, and incubation at 37°C for 60 min. The NaCl concentrations present in the digestions are described in the appropriate figure lcgends. Digestions were stopped either by boiling in SDS or by further adjusting the sample to RT assay conditions.
RT (11) . After autoradiography, the radioactive spots were quantified with the aid of a Betascope (Betagen). Amino-terminal sequence analysis of PR-RTox. Ten plates (100-mm diameter) of SF21 cells were infected with Ac-PR-RTQ. isolate 9-3. After 3 days of incubation at 28°C, the infected cells were harvested and washed twice in ice-cold PBS. The cells were then resuspended in 10 ml of buffer A (20 mM Tris-HCI [pH 7.9], 25% glycerol, 0.01% Nonidet P-40, 2 mM dithiothreitol) and incubated on ice for 10 min. This total cell lysate was centrifuged at 120 x g for 10 min. The pellet, consisting mostly of nuclei, was resuspended in 10 ml of buffer A containing I M NaCl and then sonicated. The sonicate was centrifuged at 12,000 x g for 30 min to pellet the insoluble PR-RTz., which was fractionated by SDS-8% PAGE, transferred to an Immobilon-P membrane (Millipore), and then subjected to amino-terminal sequencing (23 (Fig. 2A ). By size it should thus contain about 200 amino acid residues extending upstream into Gag. Reprobing of the blot with affinity-purified anti-NC serum resulted in the appearance of a faint new band at the position of NC-RTcx (Fig. 2B , lanes 7 to 11). (Under the conditions used for reprobing, the original visualized bands remain on the blot). The anti-NC serum also reacted with the large amounts of intact Gag precursor Pr76D037' and various Gag-related processing intermediates (marked with dots), but these proteins did not interfere with the analysis. Probing of the blot a third time, with anti-RTo serum, greatly enhanced the faint band seen with anti-NC serum (Fig. 2C , lanes 7 to 11) and showed that this polypeptide had exactly the same mobility as the PR-mutant NC-RTco made in the baculovirus system and used as a marker (Fig. 2C, lane 13) . Thus, we conclude that the primary structure of NC-RTot is exactly as its name implies. The identity of the other three major products was inferred similarly (53) . In careful comparisons of gel mobilities, we noticed that the mutations in PR (D37N plus D41Y, as well as D371) led to an increase in mobility of all polypeptides carrying the PR domain. For example, this can be seen from the positions of the PR-Pol marker protein (which has a wild-type PR domain) and that of the PR-Pol protein generated by digestion (Fig. 1B , compare lane 9 to lanes 10 through 14). This mobility shift, which presumably results from the loss of negative charges, thus is a useful diagnostic marker for the presence and status of the PR domain.
While it is conceivable that under different digestion conditions a different pattern of Pol cleavage intermediates might be formed and a more substantial activation of enzymatic activity might be achieved, we have seen no evidence for qualitative differences in cleavage specificity at either different salt concentrations, pH values, or concentrations of PR. In summary, since neither high-salt nor low-salt digestion led to RT activation to more than about 1% of the wild-type level, we conclude that the major cleavage products generated under these conditions-CA-Pol, NC-Pol, NC-RTo, and PR-RTox-have at most minimal enzymatic activity.
Recombinant baculoviruses expressing Gag-Pol fusion proteins. To try to delineate which cleavages of the Gag-Pol protein lead to activation of RT, and thus which domains inhibit enzymatic activity, we constructed 19 recombinant baculoviruses expressing a variety of Gag-Pol and Pol polypeptides that might occur as cleavage intermediates. Each polypeptide (except E-RTI3) was engineered to contain an artificial initiating methionine positioned immediately before the N-terminal amino acid normally generated by PR-mediated cleavage. Similarly, a translation stop signal was positioned to recreate the C-terminal sequence normally generated by PR. For the viruses that encode Gag-Pol fusion proteins, the reading frames for Gag and Pol were genetically aligned by a single base (A) insertion immediately 5' to the Gag stop codon (4, 52) , thereby eliminating the frameshifting requirement for translation of Gag-Pol. As were fractionated by SDS-15% PAGE and then analyzed by immunoblotting with anti-CA (oxCA) and anti-MA (aMA) sera (30 s of chemiluminescent exposure). Lane 8 contained a 20-ng CA standard. Lane 17 contained the equivalent amount of PR that was loaded as part of each digested sample. Dots indicate the positions of Gag-related cleavage intermediates. (B) Samples (-2.0 plate day) were fractionated by SDS-8% PAGE and then analyzed by immunoblotting with affinity-purified anti-RTao (otRTa) serum. Lanes 8 and 9 each contained a mixture of recombinant protein markers produced in the baculovirus-insect cell system (described below). Lane 8, NC-RTI3D37N and NC-RTaxD37N (-50 ng each). Lane C. domain, the lack of processing due to PR was expected. However, we were surprised to find that all three proteins with a wild-type N-terminal PR domain (PR-Pol, PR-RTci, and PR-RTr; lanes 4, 5, and 7, respectively) also showed no evidence of processing. The recombinant DNAs for these proteins were constructed independently from a clone in which the PR domain had been sequenced, ruling out a trivial error in their construction. Furthermore, the mobility difference created by the mutations in PR allowed the wild-type PR domain to be recognized in all three of these proteins (shown for PR-RT3 in lanes 5 and 6). As discussed further below, it is possible that the extra initiating methionine residue is not removed and inhibits activity or that the PR domain folds differently in the context of these fusion proteins.
Six of the baculovirus constructs showed evidence of active PR. In each case, at least 10 In a similar manner, the methionine codon at position 73 within PR was used to initiate translation of E-RTot. For each construct that contains both gag and pol coding sequences, a single nucleotide insertion (A) immediately 5' to the gag termination codon was used to align the two reading frames without altering amino acid coding (FC) (52) . Some of the constructs were engineered to contain the D37N plus D41Y PR mutation and are indicated with the "D37N" suffix. The pJV.PR-RT,B.COLL expression vector contains a COLL mutation which replaces the Leu-Thr residues of the PR-RTcx cleavage site with the consensus cleavage site for collagenase, Pro-Leu-Gly-Pro. Symbols: 0, D37N plus D41Y; &7, D37. (B) Vectors that encode full-length Gag-Pol. Four transfer vectors were constructed to carry the entire gag-pol coding sequences. The Gag-Pol proteins encoded by the first three-pJV.GP.D37, pJV.GP.D37.FC, and pJV.GP.D37N.FC-are derived entirely from sequences of strain PrC. In contrast, the Gag-Pol open reading frame of pJV.Gag-Pol.D37N.FC is composed of PrC sequences up to nucleotide 4995, followed by RAV-1 sequences through to the pol termination codon. pJV.GP.D37 encodes fully wild-type Gag-Pol. Lacking the FC mutation, this construct primarily encodes Gag protein, with occasional frameshifting leading to translation of Gag-Pol. pJV.GP.D37.FC is identical to pJV.GP.D37, except that it has the FC mutation. pJV.GP.D37N.FC and pJV.Gag-Pol.D37N.FC each encode frame-corrected Gag-Pol precursors that have the D37N plus D41Y mutation in PR. of human immunodeficiency virus (HIV) (22) . The recombinant proteins undergoing specific proteolysis all have Gag sequences upstream of the PR domain. Five of these proteins carry the FC that fuses Gag to Pol and begin either with the upstream domain preceding PR (NC-RThx, NC-RTI, and NC-Pol), with the next upstream domain preceding NC (CA-RTI), or with the entire Gag protein (Gag-Pol). In addition and as expected, baculovirus-infected cells expressing wild-type Gag plus Gag-Pol, i.e., without the FC mutation, also made active PR. In this case, the PR domain is part of the Gag protein as well as part of the Gag-Pol protein. The Gag-related polypeptides observed for wild-type Gag plus Gag-Pol are shown in Fig. 5A (lane 5) . Prominent cleavage products of the Gag precursor Pr76 included bands of 66 and 60 kDa plus some mature CA protein. The 66-and 60-kDa proteins comigrated with two of the cleavage intermediates generated by PR digestion of D371 virions in vitro under low-salt conditions (lane 1). Similar products, though quantitatively diminished, were observed when frame-corrected Gag-Pol alone was expressed (lane 6). We have not identified the strong band migrating at about 80 kDa, but its size could be consistent with a Gag protein extended 7 amino acids at its C terminus, i.e., generated by cleavage of Gag-Pol at the N terminus of RTot. The intracellular processing of Gag-Pol alone was unexpected, since we had previously demonstrated that the same protein expressed in QT35 cells remains intact (52) . This difference could be due to the different levels of expression in insect and quail cells.
In four cases-NC-RT3, NC-Pol, CA-RTPi, and NC-RTotintracellular processing was observed for portions of the wild-type Gag-Pol protein expressed in insect cells. In each case, the Pol-related fragments corresponded to polypeptides expected to be generated by the action of PR at known cleavage sites (shown in Fig. SB) . In these experiments, the marker proteins used were pools of the partially purified baculovirus-expressed proteins indicated. When a cell extract containing NC-RT,B was fractionated by DEAE-anion-exchange chromatography (lanes 2 to 10), the eluted fractions were seen to contain a small amount of the intact protein plus three major products of PR-mediated processing, PR-RTP, RTO RT activity of the recombinant proteins. To determine the specific activity of the several Pol and Gag-Pol proteins, we first subjected infected cell sonicates to fractionation by DEAE-anion-exchange chromatography. This step removed inhibitors (probably nucleases) found in both the cytoplasmic and nuclcar fractions of infected cells. Fractionation was carried out in 25Cc glycerol and was completed within several hours of sonication of the cells. All of the recombinant proteins bound to DEAE at pH 7.9 and were eluted at NaCl concentrations of 400 to 600 mM, with the exception of RTx, which was cluted at about 200 mM NaCl. After DEAE chromatography, the fractions were adjusted to 50% glycerol in a buffer reported to stabilize activity (39) and stored at -20°C for no longer than 10 days. To determine specific activity, portions of the stored fractions were serially diluted and then subjected to exogenous RT assays and immunoblot analyses. As a control, DEAE fractions from an extract of wild-type baculovirusinfected cells were prepared. The latter were assayed both for RT activity and for inhibition of RT from wild-type virus particles as a source of the enzyme. Neither enzymatic activity nor inhibitory activity was found (data not shown).
Initially we compared the activities of RTot and RT3 with that of purified wild-type virus particles (Fig. 6) . The absolute quantities of enzyme were estimated by comparison of the immunoblot signals with that of a known quantity of highly purified PR-RTot. One nanogram of recombinant RT,3 incorporated 0.04 nmol of dTMP into high-molecular-weight DNA in 10 min at 37°C, a value that is similar to that of purified commercially available AMV RT. The activity in purified virions, normalized for the amount of RT, also was similar. The specific activity of recombinant RTa was found to be three times less than that of RT3. This result differs from that reported for RTcx and RT3 proteins individually purified from AMV particles (18) or expressed in E. coli (50) , in which the two subunits were found to have the same specific activities. Possibly this difference is due to the instability of RTc. when stored at less than I mg/ml (14) . In our study, after storage at -20°C for 2 weeks the peak DEAE fractions, which contained 10 Kig of RTcx per ml, had lost 80% of their activity (data not shown). The analysis shown in Fig. 6 was repeated several times with independently purified proteins, and in each case similar specific activity was observed.
Having established that the recombinant RTcx and RT3 proteins are active, we then analyzed the other relevant proteins in a similar manner (Table 1) . These data are summarized as follows. The 4kDa)'0 C-terminal domain that distinguishes RT,B from Pol did not affect activity (see results for protein no. 3), as might be expected from the fact that this domain is dispensable for virus replication (28) . The addition of the N-terminal PR domain onto Pol also did not affect activity (protein no. 4). Thus, in the context of this protein, PR is not a cis-acting inhibitor of RT. However, when the same construct carried the PR mutations D37N and D41Y, a threefold diminution of activity was observed (protein no. 5), a result that was reproduced at least three times for proteins produced by two When the PR domain was fused to RTP, the resulting PR-RT3 protein (protein no. 10) was fully active, supporting the conclusion that the upstream PR is not necessarily a cis-acting inhibitor. A similar protein (PR-RT3' ()'-l) with several amino acid substitutions near the N terminus of RTP also was active (protein no. 14). Surprisingly however, when the PR domain carried the D37N plus D41Y double mutation, the resulting PR-RT3D37N protein (protein no. 1 1) was nearly inactive, with 300-fold less RT activity than PR-RTr. This result was reproduced at least three times for protein expressed by two independently isolated baculoviruses. It is difficult to understand how the two single amino acid mutations could have such a drastic effect in the context of the RTf constructs yet such a modest effect in the context of the Pol constructs. The importance of the PR structure for the RT activity of PR-RTP is further demonstrated by the fact that the E-RT3 protein (protein no. 12), which lacks the aminoterminal two-thirds of PR, also was largely inactive. As expected given the inhibitory effect of the NC domain, the NC-RT D37N protein (protein no. 13) lacked substantial activity as well.
While fusion of the wild-type PR domain to Pol or to RT3 did not affect activity, fusion to RTcx to give PR-RTo resulted in complete loss of activity (protein no. 15). The differences in the effects of PR in these different constructs suggests that the IN domain may play a role in RT activity, perhaps by contacting the PR domain and thus buffering against its influence. The lack of activity of NC-RT(xD37N (protein no. 16 ) and CARTaD37N (protein no. 17) might be expected from the analogous constructs based on RTr. We have not succeeded in isolating a baculovirus that expresses PR-RTaxD37N.
As described above, the NC-RTa (protein no. 18), NC-RTI (protein no. 19 ), CA-RT,B (protein no. 20), NC-Pol (protein no. 21), and Gag-Pol (protein no. 22) proteins undergo PRmediated processing and are poorly expressed. We performed only qualitative assays with two of these proteins. DEAE elution fractions of NC-RT,B (protein no. 19 ) and NC-Pol (protein no. 21) showed significant levels of RT activity, as expected since they contained a mixture of cleavage products that included RTP.
In summary, the activities of the baculovirus-expressed Gag-Pol fusion proteins imply that upstream Gag sequences can act as potent inhibitors of RT. The NC domain in particular acts in this way. The PR domain inhibits activity in some but not in other constructs, depending on whether PR is mutant or not and depending on whether the Pol sequences downstream of the RT domain are present or not.
DISCUSSION
The experiments described in this report were undertaken to try to explain the mechanism by which PR-mediated processing of the Gag-Pol precursor polypeptide leads to activation of RT. Our previous results had shown that PR-defective virus particles composed of the unprocessed Gag plus Gag-Pol proteins manifest only very low levels of RT (51) . Digestion of these particles with PR in the presence of detergent led to proper and complete cleavage of the Gag protein at high salt concentrations but incomplete cleavage at low salt concentrations, which is consistent with the known preference of PR for high ionic strength (30) . At neither salt concentration was the Gag-Pol protein completely cleaved, and at neither salt concentration was RT activity activated by more than threefold. We now have identified the major Pol-related cleavage products generated at high salt concentrations as NC-RTca and PR-RTca and at low salt concentrations as NC-Pol and PR-Pol (in which the PR domain carried either the D37N plus D41Y mutations or the D371 mutation). (PR-RTf3D37N) in the PR portion of PR-RTf blocked RT activity. We postulate from these results that there is a specific interaction between the IN and PR domains when both are present on the same polypeptide. Surprisingly, fusion of the 4kDa.P''' domain onto inactive PR-RTID37N, recreating the entire Pol sequence, restored activity (PR-PolD37N). Finally, the NC domain appears to have a profound and consistent effect on enzymatic activity; fusion of NC, or larger portions of Gag containing NC, to PR-PolD37N reduced RT activity by more than 50-fold (NC_PolD37N, CA-PolD37N, and GagPol 1337N).
The complexity of these results might be taken as an indication that some of the data on RT activity are artifactual. We made considerable effort to minimize such possibilities. All of the critical assays were reproduced with independently prepared proteins, and some of the experiments also were repeated with independently isolated clones of recombinant baculoviruses. Although it cannot be ruled out rigorously that mutations might have occurred during cloning, the several transfer vector clones were constructed on independent occasions and all polymerase chain reaction-generated DNAs were sequenced. Furthermore, trivial mixups between recombinant viruses carrying wild-type and mutant PR sequences were excluded by the characteristic mobility alteration associated with active-site mutations in PR.
Given that RT activity in one of the baculovirus-expressed ing virions composed of PR-defective Gag but wild-type GagPol proteins (52) . In our experiments these phenotypically mixed virions undergo no proteolytic processing, apparently because the wild-type PR domain embedded in the Gag-Pol protein does not function as a protease and show only the same low RT activity as PR-defective virions. When the wild-type Gag-Pol protein in these mixed virions is digested with PR in vitro, RT activity is poorly activated, exactly as for PR-mutant Gag-Pol (data not shown). Hence, the status of the PR domain is not responsible for the feeble activation of RT by in vitro digestion of immature virions.
The properties of the baculovirus-expressed proteins explain some but not all of the observations on RT activity of PR-defective virus particles. Previous studies with immature virus particles could not entirely exclude the possibility that lack of activity was due to structural constraints, for example, exclusion of the exogenous rA/dT template/primer pair from the virus core. This possibility appeared plausible in view of the finding that unlike mature cores, immature cores are stable in nonionic detergents (48, 51) . The observation that soluble baculovirus-expressed Gag-Pol protein was a very poor RT obviates the need to postulate such structural constraints. Digestion of the immature particles with PR at high salt concentrations led to the two predominant products, NCRTQtD37N and PR-RTcxD37N, which appeared to be inactive.
Consistent with this inference, the corresponding products purified from insect cells also were inactive. The two major products from immature virions digested at low salt concentrations also appeared to be inactive. One of these proteins expressed in insect cells, NC_PolD37N, also lacked substantial RT activity. However, the other, PR-PolD37N, had an activity that was close to that of the wild type. We do not have an explanation for this apparent discrepancy, which suggests that the structure of the in vitro digestion product differs in some way from that produced in insect cells. In principle, the discrepancy could be due to an error in identification of the product, to a secondary modification, or to a difference in folding of the polypeptides. Although the antigenicity and size of the product are in agreement with the identification, without amino acid sequence analysis an error cannot be rigorously concluded. The only modification reported for Pol is a phosphorylation near the C terminus IN (19) , and this modification is not required for infectivity of the virus (20) . The possibility that the PRPol'D37N polypeptide folds differently when it is generated by cleavage than when it is generated directly by translation is difficult to address experimentally but draws support from our observations that the PR-RTo cleavage site of proteins produced in the baculovirus-insect cell system (or by in vitro translation) is refractory to cleavage by exogenous PR yet is efficiently cleaved during particle maturation (53) .
A large body of evidence suggests that the RT of ALV is activated during virion assembly by proteolytic maturation of Gag-Pol. This conclusion appears to extend to many but not all other retroviruses and retroid elements. For example, a PRdefective murine leukemia virus mutant exhibited nearly normal levels of RT (5), although there has been some controversy surrounding this result (44) . It was reported that in the HIV type 1 system, PR-defective virus particles have 10-fold-reduced levels of RT activity (31) , or nearly normal levels of activity compared with wild-type virus (47 (22, 33) . In the pararetrovirus cauliflower mosaic virus, RT was reported to be inactive as a PR-RT fusion (55) but active when the amino-terminal PR domain (56) was proteolytically removed (54) or genetically deleted (55) .
The recent X-ray crystallographic analysis of HIV type 1 RT provides insight into the relationship between proteolytic cleavage and activity (29) . This enzyme is composed of the two subunits, p51 and p66, which have common amino termini but differ by the respective absence or presence of the C-terminal 15-kDa RNase H domain (2, 57) . The p5l-p66 heterodimer results from the asymmetric processing of a p66-p66 homodimer by PR and is resistant to further cleavage (25) . This implied asymmetry is explained by the three-dimensional model, which shows that the conformations of the p66 and p51 subunits are quite different (29) . Specifically, the residues that are predicted to form the active site for polymerization are located in a cleft of the p66 subunit but are buried in the p51 subunit. This result explains the previous observations that mutations predicted to wreck the active site in fact have no effect on RT activity if they occur only in the p51 subunit of the heterodimer (21, 36) . Thus alternative folding can generate an inactive RT polypeptide. In addition, in the three-dimensional model the cleavage site at the RT-RNase H boundary in the p66 subunit is buried, which explains the inability of PR to cleave it. Thus, alternative folding can lead to internalization of a cleavage site. We propose that both of these themes also are applicable to the ALV system.
Our observations on the processing of Gag-Pol proteins in insect cells are relevant for models to explain the activation of PR late in assembly. The functionality of the embedded PR domain of the ALV Gag-Pol polyprotein is controversial. We reported previously that phenotypically mixed virions composed of PR-defective Gag and wild-type Gag-Pol proteins contained only uncleaved proteins, indicating that when PR is surrounded by upstream Gag sequences and downstream Pol sequences it does not function as a PR in virions (52) . In these experiments, virus particles were obtained from stably transfected quail cells. A similar result was reported for virus-like particles obtained from COS cells transiently transfected with simian virus 40-based vectors (4) . The mixed particles released from COS cells showed no evidence of PR activity but did display RT activity at a level reduced approximately 10-fold relative to that of the wild type. Those authors had difficulty detecting the Gag-Pol precursor in the particles, so it is unclear whether the residual RT activity originated from a polyprotein or was due to a small amount of mature RT that escaped detection. By contrast with these results, similar phenotypically mixed particles from transiently transfected chicken embryo cells were reported to contain high levels of RT activity and some mature CA, implying either that the embedded PR domain itself was active or that it was somehow proteolytically released (41) . A possible explanation of the discrepancy between our results and those of Oertle et al. is that their mutation used to align the Gag and Pol reading frames introduced an extra amino acid between Gag and Pol (41) . The extra amino acid occurs in, and thus could disrupt, a sequence potentially capable of forming a coiled coil in the intergenic region between Gag and Pol (53) .
The results presented here show that in insect cells a PR domain embedded in a Gag-Pol protein can be a source of PR activity. Processing was observed in all Gag-Pol-related fusions carrying a wild-type PR domain and the upstream NC domain (i.e., Gag-Pol, CA-RTI, NC-Pol, NC-RT[, and NC-RT4x). We do not know whether the activity is manifested while PR is still embedded, after it has been proteolytically released, or both. Processing was not observed in any of the three Gag-Pol fusions that carry an N-terminal PR domain (i.e., PR-RTot, PR-RT[, and PR-Pol). In one model to explain the apparent difference in proteolytic activity of these several proteins, the extra N-terminal methionine residue in the proteins beginning with PR, which we showed is retained at least in the case of PR-RTot (data not shown), is inhibitory to PR activity. In the crystal structure of AMV PR (26) , the N-terminal amino group of each monomer forms a network of interactions with the side chains of E92 and N86 within the same polypeptide chain and N123 in the adjacent monomer (59) . The interaction with N123 occurs within the anti-parallel [B-sheet structure that forms the dimer interface of PR. If this interaction is a major contributor to the stability of the dimer, then a single amino acid extension at the amino terminus of PR might prevent dimerization of the PR domain, thereby rendering it inactive. In a second model, PR, when tethered to the RToL domain, adopts an alternative conformation that is incompatible with dimerization. The leucine zipper-like region that spans the junction between the PR and RTao domains (53) might be able to assume an alpha-helix or coiled-coil conformation (43) , which would preclude formation of the [3-sheet important for dimerization of PR. In this model, the presence of upstream NC sequences would somehow stabilize the dimeric PR structure or destabilize the coiled structure postulated by the model. Work with purified fusion proteins containing the PR domain will be needed to evaluate these models.
